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CONVECTIVE HEAT-TRANSFER  RATES ON LARGE-ANGLE 

CONICAL BODIES AT HYPERSONIC  SPEEDS 

By David A .  Stewart  and  Joseph G .  Marvin 

Ames Research  Center 

SUMMARY 

H e a t - t r a n s f e r   r a t e s  were measured  on  large-angle  conical  bodies  with 
l a rge   ha l f - ang le s  (6)  between 50" and go", a t  angles   o f  attack from 0" t o  3 0 ° .  
The r e s u l t s   o f  0" ang le   o f   a t t ack  were predic ted   wi th  Lees' s i m i l a r i t y   t h e o r y ,  
u s ing   ca l cu la t ed   f l ow  p rope r t i e s  a t  the  boundary-layer   edge.  The ca l cu la t ed  
f low  propert ies  were obtained  from  Newtonian  theory  for  the 50" cone  and  from 
a one- o r   t w o - s t r i p   s o l u t i o n   u s i n g   t h e  method o f   i n t e g r a l   r e l a t i o n s   f o r   t h e  
o ther   cones .  A t  0" angle   of  a t tack,  an i n c r e a s e   i n   c o n e   a n g l e   r e s u l t e d   i n  a 
d e c r e a s e   i n   t h e   h e a t i n g  r a t e  over  much of  the  body. However, h igh   hea t ing  
r a t e s   occu r red  a t  t he   shou lde r   o f   bo th   t he  6 = 80" and 6 = 90" shapes  because 
o f   l oca l   p re s su re   g rad ien t s .  On the  windward s ide   o f   t he   cones ,   t he   hea t ing  
r a t e   i nc reased   w i th   ang le   o f  a t tack .  

INTRODUCTION 

Large  angle   cones  are   being  considered  for   planetary  probe  configurat ions.  
Methods f o r   p r e d i c t i n g   t h e   s u r f a c e   p r e s s u r e s ,  shock-wave  shapes,  and  aerody- 
namics  of t h i s   c l a s s   o f   b o d i e s   a r e   n e c e s s a r i l y  complex because  the  f low is  no 
longer   conica l .  Much has  been done exper imenta l ly   to   p rovide   da ta  on t h e  
cha rac t e r   o f   t he   i nv i sc id   f l ow  ove r   t hese   bod ie s  and the   da t a   can   be   u sed   t o  
s u b s t a n t i a t e   p r e d i c t i o n   t e c h n i q u e s   ( s e e ,   e . g . ,   r e f s .   1 - 6 ) .  The probe  designer  
must a l s o   b e   a b l e   t o   p r e d i c t   t h e   c o n v e c t i v e   h e a t i n g   t o   t h e s e   b o d i e s .  However, 
e x p e r i m e n t a l   h e a t i n g   d a t a   f o r   s u b s t a n t i a t i n g  any p r e d i c t i o n  methods f o r   t h i s  
c l a s s   o f   bod ie s  are lacking .  To p a r t i a l l y  f i l l  t h i s   need   an   i nves t iga t ion  was 
i n i t i a t e d   i n   t h e  Ames 42-inch  shock  tunnel   to   provide  convect ive  heat- t ransfer  
da t a .  The i n v e s t i g a t i o n  was performed a t  a Mach number o f  15 i n  a i r  with  cone 
semivertex  angles  ranging  from SOo t o  90".  The r e s u l t s   o f   t h i s   i n v e s t i g a t i o n  
a re   p re sen ted   he re in .  

APPARATUS AND TEST  CONDITIONS 

F a c i l i t y  

The tests were conducted i n  t h e  Ames 42-inch  shock  tunnel   ( refs .  7 t o  
10 ) .   Th i s   f ac i l i t y   u ses   combus t ion -hea ted   d r ive r   gas   t o   p roduce  . a  r e f l e c t e d  
s h o c k ,   t a i l o r e d - i n t e r f a c e   r e s e r v o i r   o f   t e s t   g a s  a t  the   end  of a 40-foot-long, 
6.2-inch-diameter  shock  tube.  I n i t i a l  va lues   o f   reservoi r   p ressure   and  
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enthalpy were 286 atmospheres  and 4000 Btu/lbm.  The r e s e r v o i r   g a s   ( a i r   f o r  
t h e   p r e s e n t   t e s t s )  was expanded  through a 20" con ica l   nozz le   t o   gene ra t e  a 
flow i n   t h e  t es t  region  having a Mach number of   15  and a veloci ty   of   13,600 
feet  per   second.  The corresponding  Reynolds  number,  based  on  model  diameter, 
was 6700. The f l o w   d u r a t i o n   f o r   e a c h   t e s t  was 20 mi l l i s econds .  

Mode 1s 

The  models ( f ig .   1 )  were cone-cyl inders   with a spherical   nose  cap,  and a 
s h o u l d e r   r a d i u s   j o i n i n g   t h e   c o n i c a l   s e c t i o n   t o  a s h o r t   c y l i n d r i c a l   a f t e r b o d y .  
The r a t i o s   o f   n o s e   r a d i u s   t o  body rad ius ,   and   shoulder   rad ius   to  body r ad ius ,  
were  0.10  and  0.05,  respectively.  The forebodies   inc luded   cones   wi th   ha l f -  
angles  of 5 0 ° ,  60",  70°,  and 80", and a f l a t - f a c e d   c y l i n d e r .  The models  were 
made of  copper  and  had  nominal wall th icknesses  o f  0.017  inch.  Thermocouples 
were loca ted   a long  a s i n g l e   r a y  from t h e   s t a g n a t i o n   p o i n t   t o   t h e   c e n t e r   o f   t h e  
shoulder  radius.   Thermocouples  were  also  located on t h e   c y l i n d r i c a l   a f t e r b o d y  
o f   t he  80" cone  and t h e   f l a t - f a c e d   c y l i n d e r .  Each thermocouple was made by 
d r i l l i n g  two small ho le s   0 .02   i nch   apa r t   i n   t he  model wall and s o l d e r i n g  a 
pa i r   o f   chromel-cons tan tan  No. 40 gage  wire i n   t h e s e   h o l e s .  

A 1-inch-diameter  hemisphere,  which  provided a monitor  measurement o f  
s t a g n a t i o n - p o i n t   h e a t - t r a n s f e r   r a t e ,  was a l s o   l o c a t e d   i n   t h e  tes t  reg ion .  I t  
was loca ted  1 2  i nches   o f f   t he   cen te r l ine   o f   t he  t e s t  sec t ion   and   d id   no t   i n t e r -  
f e re   w i th   t he   f l ow  ove r   t he  model.  This  hemisphere was a l s o  made of  copper 
but   had a wall th ickness   o f  0 .007 inch .  I t  was instrumented  with a chromel- 
constantan  thermocouple i n   t h e  same manner as the  models .  

Data Reduction 

The h e a t - t r a n s f e r   d a t a  were obtained  by  measuring  the  increase  of  model 
wall temperature as indicated  by  the  thermocouples   during a t e s t   o f   a p p r o x i -  
mately 20 msec.  Thermocouple  outputs  were  amplified  and  recorded  on a high- 
speed   osc i l lograph .  The tempera ture- t ime  da ta   were   curve- f i t t ed   wi th  a 
seventh-order   po lynomia l .   Heat - t ransfer  rates a t  a given  time  were  determined 
from the   equa t ion ,  

4 = pc  -c(dT/dt) 
P 

The es t imated  maximum e r r o r   i n  q was + l o  pe rcen t .   Fu r the r   de t a i l s   r ega rd -  
i ng   t he   da t a   r educ t ion  and t e s t i n g   t e c h n i q u e s  are a v a i l a b l e   i n   r e f e r e n c e   1 0 .  

Because the   hea t ing   r a t e s   de t e rmined  from  equation (1) changed  over  the 
t e s t   t i m e  as a r e s u l t  o f  changes i n   t h e   r e s e r v o i r   c o n d i t i o n s ,   t h e  measured 
hea t ing   r a t e   t o   t he   mon i to r   hemisphe re  was used   to   normal ize   the  t e s t  da t a .  
Th i s   no rma l i za t ion   r e su l t ed   i n  a c o n s t a n t   h e a t i n g   r a t e   r a t i o   o v e r   t h e   u s a b l e  
tes t   t ime.   Fur thermore ,  it minimized small d i f f e r e n c e s   i n   h e a t i n g - r a t e   l e v e l  
between  runs  that   occurred  because  the tes t  cond i t ions   cou ld   no t   be   p rec i se ly  
repea ted .  

2 



RESULTS AND DISCUSSION 

Befo re   t he   hea t - t r ans fe r   da t a   a r e  examined i n   d e t a i l ,   t h e   f l o w   f i e l d   o v e r  
large-angle   cones w i l l  be   d i scussed   b r i e f ly   and  some equa t ions   u sed   t o   p red ic t  
t he   hea t ing  rates w i l l  be   p re sen ted .  

Inc reas ing   t he  cone  angle  beyond  the  detachment  angle  for a pointed  cone 
(e .g .  , 6 = 58O f o r  i d e a l   a i r )   c a u s e s   s i g n i f i c a n t   c h a n g e s   i n   t h e   i n v i s c i d   f l o w .  
For example,  the bow wave over  the  conical  portion  of  the  cone  changes  from 
c o n i c a l   t o   s p h e r i c a l  and the  f low  a long  the  cone  surface  changes  f rom  super-  
s o n i c   t o   s u b s o n i c   ( r e f .  5) .  The inviscid  subsonic   shock-layer   f low  can no 
longer   be   p red ic ted  by  Newtonian  theory as suggested  by Lees i n   h i s   s t u d y  on 
hea t ing   t o   b lun t   cones   ( s ee  re f .  11) .  However, as shown i n   r e f e r e n c e s  4 and 
5 ,  the   inv isc id   f low  over   l a rge-angle   cones  can b e   p r e d i c t e d   b y   t h e  method of  
i n t e g r a l   r e l a t i o n s .  For t h i s  method, the   shock   layer  i s  d i v i d e d   i n t o   s t r i p s  
concen t r i c   w i th   t he   body ,   and   t he   f l ow  p rope r t i e s   ac ross   t he   s t r i p s  are repre-  
sen ted  by polynomials.  The inv i sc id   f l ow  p rope r t i e s   a r e   t hen   ob ta ined   by  
numerical ly   solving  the  governing  conservat ion  equat ions.  The degree   o f   the  
polynomial  depends  on  the number o f   s t r i p s .  More d e t a i l s   o f   t h i s  method may 
be  found i n   r e f e r e n c e  1 2 .  For t he   p re sen t   i nves t iga t ion ,   one -  and  two-strip 
solut ions  were  obtained  for   the  cones  with  half-angles   greater   than 60". For 

d i f f i c u l t i e s .  
' t he  60" cone,  only a o n e - s t r i p   s o l u t i o n  was possible  because  of  numerical  

Once the   inv isc id   f low  over   the   cones   has   been   de te rmined ,   one  may apply 
the  theory  proposed  by Lees t o  p red2c t   t he   cone   hea t ing   d i s t r ibu t ion .  The 
following  equation  can  be  formulated: 

where 

and 
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The h e a t i n g  rate has  been made d imens ionless   by   the   s tagnat ion-poin t   hea t ing  
r a t e   o f  a hemisphere   to   be   cons is ten t   wi th   the   p rev ious ly   ment ioned   da ta   nor -  
mal iza t ion .  The h e a t i n g  ra te  to   the  hemisphere  can  be  obtained  f rom  the 
fol lowing  equat ion  taken  f rom  reference 13. 

q s t  * - - 86.9E ( 10,000.0 y . 9 9  (1 - Z) (3) 

where R, i s  the   rad ius   o f   the   hemisphere .   In   the   der iva t ion   of   equa t ion  ( 3 ) ,  
a Newtonian v e l o c i t y   g r a d i e n t  was assumed a t  t h e   s t a g n a t i o n   p o i n t ,   t h a t  i s ,  

Stagnation-Point.Heating Rate 

The  measured s t a g n a t i o n - p o i n t   h e a t i n g - r a t e   r a t i o  i s  p l o t t e d   i n  
f i g u r e  2 as a funct ion  of   cone  angle .   There i s  a s i g n i f i c a n t   d e c r e a s e   i n   c o n e  
s tagnat ion-poin t   hea t ing   wi th   increas ing   cone   angle .   Also  shown are t h e  
ra t ios   p red ic ted   by   equat ion   (2b) .  The predict ion  represented  by  the  broken 
l i n e  w a s  based on  Newtonian ve loc i ty   g rad ien ts   for   the   hemisphere   and   the  
cones  out   to  6 = 58" ( the   po in ted   cone   de tachment   angle   for   inv isc id   f low 
theory  with y = 1 .4 ) .   The re fo re ,   t he   p red ic t ed   va lue  i s  s imply   the   square  
r o o t   o f   t h e   r a t i o  of  the  hemisphere  and  cone-nose  radi i   (see,   eq.  ( 4 ) ) .  The 
agreement  with  the  measured  ratio a t  6 = 50" i s  very  good. F o r  cone  angles 
of  60" and l a r g e r ,   t h e  method o f   i n t e g r a l   r e l a t i o n s  was u s e d   t o   o b t a i n   t h e  
cone s t agna t ion -po in t   ve loc i ty   g rad ien t s   i n   equa t ion   (2b )  from one - s t r ip  
( s o l i d   l i n e )  and two-s t r ip   (dashed   l i ne )   so lu t ions .  The da ta   ag ree   we l l   w i th  
t h e   r a t i o  formed  by t h e  more a c c u r a t e ,   t w o - s t r i p   s o l u t i o n .  The r e s u l t s   i n  
f i g u r e  2 demonst ra te   tha t   the   changes   in   s tagnat ion-poin t   hea t ing  ra te  with 
cone angle  are due  mainly  to   changes  in   s tagnat ion-point   veloci ty   gradient .  
Therefore ,   equat ion  (3)   in   combinat ion  with  an  appropriate   veloci ty   gradient  
r a t i o  can   be   used   to   p red ic t   the   s tagnat ion-poin t   hea t ing .  

Heat ing-Rate   Distr ibut ion 

Zero  angle  of a t tack.-  The h e a t i n g - r a t e   d i s t r i b u t i o n s  a t  0" angle   of  
a t t a c k   a r e   g i v e n   i n   f i g u r e   3 .  Data from two tes t  runs are presented   for   each  
cone  angle. A s  t h e  cone ang le   i nc reases ,   t he   hea t ing  rates decrease  markedly 
f o r  s/sc < 0 . 5 .  For  s/sc > 0.5 ,  t h e r e  i s  l i t t l e  change  except i n   t h e   v i c i n -  
i t y   o f   t h e   s h o u l d e r   f o r   b o t h   t h e  80"  cone  and t h e   f l a t - f a c e d   c y l i n d e r .   I n  
t h i s   r e g i o n ,   t h e   h e a t i n g  rates e x c e e d   t h e i r   r e s p e c t i v e   s t a g n a t i o n - p o i n t  
va lues .  To o b t a i n   t h e   l i n e s  on f i g u r e  3,  equat ion  (2)  was used   wi th   the  
appropriate   inviscid  f low-field  quant i t ies   f rom  Newtonian  theory (6 = 50") 
and t h e  method o f   i n t e g r a l   r e l a t i o n s  (6 2 6 0 " ) .  The 50"  cone d a t a   ( f i g .   3 ( a ) )  
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compare w e l l   w i t h   t h e   h e a t i n g - r a t e   d i s t r i b u t i o n   p r e d i c t e d   b y   e q u a t i o n  (2)  wi th 
a Newtonian   approximat ion   for   the   inv isc id   f low-f ie ld   p roper t ies .   The  60" 
cone   da ta   ( f ig .   3 (b) )  compare we l l   w i th   t he   hea t ing - ra t e   d i s t r ibu t ion   p re -  
d i c t e d  by a o n e - s t r i p   s o l u t i o n   f o r   t h e   i n v i s c i d   f l o w   p r o p e r t i e s   i n   e q u a t i o n  
(2 ) .  The d a t a   f o r  6 > 60" ( f i g s .   3 ( c )   t o   3 ( e ) )  compare b e t t e r   w i t h   t h e  two- 
s t r i p   s o l u t i o n   b e c a u s e   t h e   o n e - s t r i p   s o l u t i o n   d o e s   n o t   a d e q u a t e l y   p r e d i c t   t h e  
inv i sc id   f l ow  in   t he   s t agna t ion   r eg ion .  The differences  between.   theory  and 
experiment on the   shoulder   reg ions   o f   the  80" cone a r e   a t t r i b u t e d   t o  a combi- 
na t ion   o f  two fac tors :   (1)   the   theory   neglec ts   p ressure   g rad ien t   e f fec ts  
(e .g . ,  see ref. 6 ) ,  and (2) the  experimental   measurements  on  the small .shoulder 
r a d i i  are unce r t a in .  I t  was expec ted   t ha t   t hese   f ac to r s   a l so  would in f luence  
the  comparison  for  6 = go", b u t   t h i s  is no t   ev idenced   i n   t he   da t a .  

Angle   o f   a t tack   to  30°.- Windward h e a t - t r a n s f e r   d a t a  on t h e  SO", 6 0 ° ,  and 
70" cones ,   for   angles   o f  attack between 0" and  30°,   are shown i n  f i g u r e  4 .  
Note t h a t  s/sc = 0 is the   l oca t ion   o f   t he   geomet r i c   cen te r   o f   t he   sphe r i ca l  
nose   cap .   L ines   have   been   fa i red   th rough  the   da ta   to   a id   in   the   in te rpre ta -  
t i o n .  On the  50" and 60" cones ,   t he   hea t   t r ans fe r  a t  s/sc = 0 decreases ,   and 
the   hea t ing   r a t e s   a long   t he   con ica l   s ec t ions   i nc rease   w i th   i nc reas ing   ang le   o f  
a t t ack   ( f ig s .   4 (a )   and   4 (b ) ) .  On the  70" cone ,   d i f f e rences   i n   hea t ing   r a t e s  
a t  s/sc = 0 a r e  small wi th   i nc reas ing   ang le   o f   a t t ack   excep t   a t  0: = 30". A t  
t h i s   l a r g e   a n g l e   t h e   h e a t i n g  rate decreases  markedly, as might  be  expected, 
s ince   t he   sphe r i ca l   cap  i s  swept   wi th   respec t   to   the   inc ident   s t ream.  The 
t rend   near   the   shoulder   o f   the  70" cone i s  similar t o   t h a t   o f   t h e  50" and 60" 
cones. However, the   hea t ing   a long   the   middle   o f   the  70" cone  conical   sect ion 
decreases   wi th   increas ing   angle   o f   a t tack .  No attempt was made t o   p r e d i c t   t h e  
h e a t i n g   r a t e  a t  angle   o f   a t tack   because   o f   the   complexi ty   o f   the   f low  f ie ld .  

CONCLUSIONS 

A s tudy   o f   convec t ive   hea t ing   r a t e s  on blunted  cones  with  cone  half-  
angles  between  50"  and 90" i n  a i r  a t  Mach 15 r e s u l t e d   i n   t h e   f o l l o w i n g  
observat ions : 

1. A t  0" angle  of  a t t ack ,   an   i nc rease  i n  cone   ang le   r e su l t ed   i n  a 
d e c r e a s e   i n   t h e   h e a t i n g   r a t e   l e v e l   o v e r  most   of   the   tes t   model ,   especial ly  a t  
the   s t agna t ion   po in t .   Dec reases   i n   s t agna t ion -po in t   hea t ing   were   adequa te ly  
es t imated   by   account ing   for   decreases   in   s tagnat ion-poin t   ve loc i ty   g rad ien t .  

2 .  A t  t he   shou lde r   o f   t he  80" cone   and   the   f la t - faced   cy l inder ,   the  
hea t ing  rates were  higher  than a t  the   s tagnat ion   po in t ,   p robably   because   o f  
t he   . i n f luence   o f   l a rge   l oca l   p re s su re   g rad ien t s .  

3 .  In   gene ra l ,   Lees '   s imi l a r i t y   t heo ry   u sed   i n   con junc t ion   w i th   e s t ima ted  
p res su re   d i s t r ibu t ions   adequa te ly   p red ic t ed   hea t ing   r a t e s   ove r   t he   su r f ace  of 
the  models a t  0" angle   of  attack. 

5 



4.   With  increasing  angle  of a t t a c k ,   t h e   h e a t i n g  rates t o   t h e  SO", 60", 
and 70" cones  increased  on  the windward s u r f a c e .  An e x c e p t i o n   t o   t h i s  behav- 
i o r  was t h e  70" cone  on  which  the  heating rates decreased   near   the   middle  o f  
t h e   c o n i c a l   s e c t i o n   w i t h   i n c r e a s i n g   a n g l e   o f  a t tack.  

Ames Research  Center 
National  Aeronautics  and  Space  Administration 

Mof fe t t   F i e ld ,  Cal i f . ,  94035, Aug. 1 2 ,  1969 
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Figure 1. - Typical blunted cone configurat ion.  
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Figure 2.-  Variat ion of stagnation-point  heating 
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Figure 3.  - Continued. 
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